Retinal nerve fibre layer (RNFL) thickness has been associated with cognitive function but it is unclear whether RNFL thinning is secondary to cortical loss, or if the same disease process affects both. We explored whether there is phenotypic sharing between RNFL thickness and cognitive traits, and whether such sharing is due to genetic factors. Detailed eye and cognitive examination were performed on 1602 twins (mean age: 56.4 years; range: 18-89) from the TwinsUK cohort. Associations between RNFL thickness and ophthalmic, cognitive and other predictors were assessed using linear regression or analysis of variance models. Heritability analyses were performed using uni-and bivariate Cholesky decomposition models. RNFL was thinner with increase in myopia and with decrease in disc area (p < 0.001). A thicker RNFL was associated with better performance on mini mental state examination (MMSE, F(5,883) = 5.8, p < 0.001), and with faster reaction time (RT, β = −0.01; p = 0.01); independent of the effects of age, refractive error and disc area (p < 0.05). RNFL thickness was highly heritable (82%) but there was low phenotypic sharing between RNFL thickness and MMSE (5%, 95% CI: 0-10%) or RT (7%, 95% CI: 1-12%). This sharing, however, was mostly due to additive genetic effects (67% and 92% of the shared variance respectively).
A twin and a family study have demonstrated heritability of the RNFLT 8, 9 , but to date, to our knowledge, no studies have explored whether this phenotypic sharing is due to shared genetic or environmental factors.
The aim of this large twin study was to examine whether the RNFLT measured by OCT was associated with cognitive function and whether this association was driven by shared genetic factors. A further objective of this study was to explore associations between RNFLT and age, sex, spherical equivalent (SphE), and other factors known to influence glaucoma such as intraocular pressure (IOP) and optic disc size.
Results
Association analysis. We initially explored associations between RNFL thickness and various ophthalmological and cognitive measures (Table 1) . 1602 twins of 908 families (mean age 56.4 years; range 18-89) from the TwinsUK cohort were included (Fig. 1 ). There was no difference between monozygotic (MZ) and dizygotic (DZ) twins except for the following variables (p < 0.05): age, reaction time (RT), MMSE score and recall (RC) ( Table 1) . The MZ twins were on average slightly younger than DZ twins (55 versus 59 years of age) and had better reaction times, MMSE score and recall. When adjusted for age, however, the three cognitive parameters did not differ between MZ and DZ twins. The inferior quadrant had the highest RNFL thickness followed by superior, nasal and temporal quadrants. The differences in thickness between quadrants were statistically significant (p < 1 × 10 −4 ). All of the RNFL parameters were approximately normally distributed. Table 2 summarises the univariable (A) and multivariable (B) results from association analysis for the quantitative predictors. Increase in age was associated with decrease in RNFL thickness for the average of the four quadrants and in each quadrant individually (p < 0.001). Education was nominally associated with average RNFL thickness and with the inferior and temporal quadrants in the univariable analysis only (p < 0.05). Increase in SphE (more hyperopic refraction) and in disc area (larger optic discs) were strongly associated (p < 0.001) with increase in RNFL thickness for the average of the four quadrants and in each quadrant, except for SpheE in the temporal quadrant (p = 0.41). Disc area remained strongly associated (p < 0.001) in the multivariable analysis with the average of the four quadrants and in all the quadrants separately, while age and SphE were associated with RNFLT for all but the temporal quadrant (Table 2 ). There was no association between sex, index of multiple deprivation (IMD) or IOP corrected for central corneal thickness (CCT) and RNFLT ( Table 2) .
None of the cognitive parameters were associated with SphE, education or IMD, independently of age (p < 0.05). A faster reaction time was associated with a thinner RNFL thickness (p < 0.001) and this stayed significant in the multivariable model for average RNFL (p = 0.01), and for the inferior and temporal quadrants (p = 0.01 and p = 0.04 respectively). As cataract surgery has been reported to improve reaction times 10 , we compared the reaction time in the 63 pseudophakic participants to that of 126 age-matched individuals without cataract surgery (case:control ratio of 1:2). There was no difference between the two groups (mean of 630 ms and 632 ms respectively, p = 0.8). Cataract surgery status was associated with RNFL thickness in univariable analysis (β = − 3.29, p = 0.02), but not in the multivariable analysis (likely to due to the association between cataract surgery and age).
There were significant differences in RNFL thickness between MMSE groups (p trend < 0.003). The one-way ANOVA results for MMSE were as follows: average RNFL -F(5, 883) = 5.8, p < 0.001; Superior quadrant -F(5, 883) = 4.0, p = 0.001; Inferior quadrant -F(5, 883) = 5.9, p < 0.001; Temporal quadrant -F(5, 883) = 2.5, p = 0.02; Nasal quadrant -F(5,883) = 2.8, p = 0.02. These differences were still significant after taking age, SphE and disc area into account, as determined by MANOVA for all but the temporal quadrant: average RNFL -F(5,615) = 4.2, p = 0.001; Superior quadrant -F(5,615) = 3.1, p = 0.01; Inferior quadrant -F(5,615) = 3.8, p = 0.002; Nasal quadrant -F(5,474) = 2.6, p = 0.02. Recall was associated with RNFL thickness only in the inferior quadrant -F(5,886) = 5.2, p = 0.01, however this effect was not independent from the effects of age, SphE and disc area F(2,618) = 2.9, p = 0.06. No statistically significant association was detected between RNFL thickness and verbal fluency (VF) (data not shown).
Heritability analysis.
The results of the univariate heritability models are reported in Table 3 . In all cases the best fitting model was the AE (addictive genetic effects/unique environment) model. As can be seen from the table, RNFL thickness is highly heritable with additive genetic effects accounting for 65% (Nasal quadrant) to 83% (the average of the four quadrants) of variance. As pointed above, due to the fact that the MZ twins were younger than the DZ twins, there were differences between the two groups in terms of MMSE, RC and RT. For this reason we adjusted those predictors for the effect of age prior to the heritability analysis. The measurements of cognitive function were moderately heritable (MMSE = 32%, RT = 44% and VF = 48%), with the exception of recall which showed low heritability (19%). When taking into account the effect of age, RNFL thickness shared 5% (95% CI: 0− 10%) of phenotypic variance with MMSE and 7% with RT (95% CI: 1-12%) (Fig. 2) . Additive genetic effects accounted for 67% (95% CI: 61-81%) and 87% (95% CI: 82-99%) of the shared variance for MMSE and RT respectively and rest was explained by environmental factors. Adjusting for SphE and disc area did not substantially change the results: phenotypic sharing between MMSE and RNFL was 8% (95% CI: 2-15%) and of those 93% (72-96%) was due to additive genetic factors; phenotypic sharing between RT and RNFL was 11% (95% CI: 4-7%) and of those 82% (75-94%) was due to additive genetic factors.
Discussion
This study, based on an unselected twin population, has confirmed an association between thinner RNFL and lower cognitive scores, and suggests this phenotypic sharing is largely due to shared genetic factors. This raises the possibility that the processes involved in cognitive decline and ultimately dementia are similar to those resulting in loss of RNFL, and the latter could therefore be a biomarker of dementia. However, the degree of phenotypic sharing (8% for MMSE score and 11% for reaction time, when adjusted for age, refractive error and optic disc size) is relatively small, and given other factors such as glaucoma influence RNFL thickness, it remains to be seen if this will have enough specificity and sensitivity to act as a biomarker of disease progression in dementia. Our findings are similar to another UK-based aging cohort from the Norfolk EPIC study by Khawaja et al. 7 , which showed significant, albeit weaker, associations with MMSE and also the Hopkins Verbal Learning Test (testing recognition, learning and memory) and the National Adult Reading Test (NART, testing premorbid intelligence). Similarly, the Dutch ERF study 6 showed better cognitive function associated with thicker RNFL across various measures, with 2.8% of cognitive scores explained by RNFLT, although somewhat surprisingly the strongest effects seemed to be in the younger age groups (below 40 years). Some of these differences may be due to measurement techniques, and these studies used HRT (Heidelberg Retina Tomograph) and scanning laser polarimetry (the GDx VCC) rather than the current gold standard used in this study, of OCT. The Lothian study 5 using OCT in only 96 subjects aged 73 years, found that while cognitive decline seemed to be associated with thinner RNFL, when corrected for IQ at age 11, those with thicker RNFL had worse cognition, again somewhat counterintuitively. We do not have historic IQ data on the TwinsUK cohort, but did not observe any relationship between the educational and socio-economic status and either RNFL or the cognitive parameters in this study. The cognitive measures used in each study differed, which may also explain some of the differences; we selected MMSE, RT and VF because these tests are commonly used in clinical settings [11] [12] [13] [14] . Our results showed that the average RNFL was significantly thinner with increasing age, lower spherical equivalent (i.e. myopia) and with smaller optic disc size. Similar findings have been confirmed in other studies 15, 16 and an inverse relationship between RNFLT and SphE identified in a small twin study of 50 pairs 8 . We found the phenotypic sharing between RNFL and cognition was greater when these factors were accounted for, suggesting future studies examining RNFLT variation should measure refractive error or axial length, which is was measured in the Khawaja et al. study 7 but is not commonly done in non-ophthalmic studies, in addition to adjusting for age and disc size (which is measured by OCT). . Legend: This figure presents the bivariate heritability models for RNFL thickness and the associated cognitive parameters. All traits were adjusted for age prior to the analysis. RNFL -retinal nerve fibre layer; MMSE -mini-mental state examination; A -additive genetic factors; C -common/shared environmental factors; E -unique environmental latent factors; Ra -genetic correlation; Rc -common environment correlation; Re -unique environment correlation.
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Our community-based study confirms the relationship between RNFL and cognitive decline in clinic-based studies which found a thinner RNFL in patients even with mild cognitive impairment [17] [18] [19] [20] . In particular, the inferior quadrant has been proposed to be more susceptible to neuronal loss 2, 14, 21, 22 . Certainly in our data, and others 5 , the inferior quadrant showed the strongest relationships with cognitive tests, although as the quadrant with the thickest RNFL it is unsurprising that the effect size is largest in ANOVA analyses, but despite this, the inferior (along with the temporal) quadrant was the only quadrant which remained significantly associated with reaction time when age, spherical equivalent and disc size were included in the multivariable model. Histological studies have shown significant correlation between retinal layers determined by OCT and retinal histology 23 demonstrated reduced RNFL thickness in patients with AD when compared with normal controls 24 , however individual quadrants of the RNFL were not examined separately. It is unclear why the inferior RNFL might be preferentially affected but it may be due to the fact that nerve fibers with larger diameter atrophy more rapidly and those fibers are more abundant in inferior and superior quadrants 25 . RNFL thickness was shown in this large twin study of 730 pairs to be highly heritable, while MMSE score and RT were moderately heritable with additive genetic effects accounting for 82%, 32% and 44% of variance respectively. These results are in line with previous twin studies 8, 26 , and as expected, higher than found using other family-based study designs 9 . Many quantitative traits that can be measured accurately are highly heritable, such as refractive error and height, and both these traits appear to be influenced by hundreds of common genetic variants [27] [28] [29] . Genome-wide association studies (GWAS) of RNFL are in progress, and we await with interest whether genes or pathways identified in these analyses are common to dementia GWAS.
This study is not without its limitations. First, as the TwinsUK cohort consists mainly of white British middle-aged females (mean 56.2 years, SD 15.4) we were not able to look at gender or ethnicity differences. However, our baseline measurements of average RNFL thickness (96.2 ± 9.1 μ m) are similar to those obtained in healthy controls of other studies 11, 12, 30 that have investigated the cognitive associations of RNFL thickness using OCT (91.5 ± 7.1 μ m), (98.6 ± 1.67 μ m), (94.3 ± 11.3 μ m) respectively, and quadrant thickness distribution (ISNT rule: inferior RNFL thickest, followed by superior, nasal and temporal) comparable to those obtained in similar studies 5, 14, 31 . We found no differences between genders for RNFL (and with 183 males the sample size in not insignificant). We therefore believe that these data are generalisable to the wider European population. Second, we do not have longitudinal cognitive or RNFL data on these subjects, so causality cannot be applied to any of the cross-sectional analyses, and these results may still be due to residual confounding by age, or refractive error, not fully corrected in linear models, or other confounders. Third, due to the low phenotypic sharing we observed, the bivariate heritability results were of borderline statistical significance, and larger studies might be needed for further analyses, including examining the amount of variance explained by known genetic variants from dementia genome-wide association studies.
In conclusion, we have shown RNFL thickness to be associated with MMSE and reaction time cognitive performance in a healthy adult population, and the phenotypic sharing was largely due to shared genetic factors. However, given the relatively low phenotypic sharing, RNFL thickness is probably a poor predictor of cognitive decline in an unselected population, although it remains to be determined in longitudinal studies, combining several and different cognitive tests, how predictive RNFL thickness might be. Further genetic studies may provide insight into shared pathophysiology between loss of RNFL and cognitive impairment.
Methods

Subjects.
The TwinsUK cohort is a volunteer twin registry of 11,000 British adults, recruited from the general population through national media campaigns in the United Kingdom, and representative to the broader population in terms of disease-related and lifestyle characteristics 32 . All subjects were unaware of the hypotheses in this study at the time of enrolment. The studies in the TwinsUK cohort were performed with the approval of the Guys and ST Thomas' Ethics Committee, and participants signed a written informed consent in accordance with the Declaration of Helsinki. All methods were performed in accordance with the relevant guidelines and regulations.
Between August 2014 and March 2016, 1756 twins from 974 families underwent detailed eye examination which included RNFL thickness measurements using spectral domain optical coherence tomography (Optovue iVue system, Fermont, California), non-cycloplegic autorefraction, non-contact IOP and central corneal thickness (CCT) measurements (Visionix120, The Luneau Technology group) of both eyes. Of the 1756 individuals, 154 were excluded, leaving 1602 twins of 908 families in the final analysis (Fig. 1) . The reasons for exclusion were as follows: 37 individuals were of non-white British ethnicity; 44 individuals had self-reported diagnoses of glaucoma or were on treatment for ocular hypertension; 23 had poor quality OCT scans; and 50 individuals were outliers (fell outside the range of mean ± 3 SD) in terms of RNFL thickness (either average RNFL or in one of the 4 quadrants). For 25 out of the 50 outliers there was no obvious explanation why their measurements were so different to the mean and the scans for those individuals were deemed of good quality by an ophthalmologist. Of the remaining outliers, 12 individuals were described as having difficulty with target fixation, 6 presented with retinal pathology and 7 reported having cataracts in the eye/eyes with the aberrant RNFL measurement. From the 1602 twins included in the study, 63 (3.9%) reported having had cataract surgery previously.
In addition, data on age, sex, education (primary, secondary and higher) and socio-economic status (Index of Multiple Deprivation -IMD) were also collected. The MMSE is used widely in clinical settings as a standard screening tool for global measurement of cognitive function 33 . It contains 20 subtests with a maximum score of 30 and helps facilitate detection of cognitive impairment or change in mental status 34 . We decided to analyse RC scores separately as it has been shown to provide a good measure of episodic memory, and some other components of the full MMSE may not adequately discriminate healthy individuals in a population with mild cognitive impairment 35 . The verbal fluency tasks assesses the speed and ease at which individuals can access words from memory 36 , and performance has been associated with both temporal and frontal lobe activity 37, 38 . VF was tested by examiners instructing participants to name as many words beginning with a given letter of the alphabet, excluding names of people or places, and a further test required participants to name as many animals beginning with any letter. Participants were given 1 minute for each component of the VF test and were marked out of 7 for each task, where 0 = 2 answers or less and 7 = 17 answers or more. The scores from the two tasks were summed and individuals were categorised into two groups (normal performance, low performance) with cut-off score of 11.
RT was measured using the 'Deary-Liewald Reaction Time Tester' on a Windows 7 computer and was measured in milliseconds 39 . The test comprises of two components, the simple reaction time test (pressing a key anytime a target appears) and the choice reaction time test (pressing a key corresponding to 1 of 4 boxes where a target appears). Participants had 8 practice trials and 20 experimental trials for each component of the test. In the present study we analysed the mean of the two tests.
Statistical Analysis. Association analysis. Comparisons of means and proportions for all variables
between Monozygotic (MZ) and Dizygotic (DZ) twins or between RNFL quadrants were performed using two-sample two-tailed t-tests or z-tests, assuming equal variance. Associations between RNFL (either average or per quadrant) and age, sex, SphE, IOP and reaction time was assessed using univariable linear regression analyses, followed by multivariable linear regression model for factors showing significant (p < 0.05) association in the univariable model. Independent variables were identified using stepwise backwards procedure with threshold for removal set at 0.05. In all regression models family structure was taken into account.
Associations between RNFL thickness (either average or per quadrant) and MMSE, verbal fluency and recall were assessed using one-way ANOVA, followed by MANOVA that included age, SphE and disc area into the model. For these analyses only one twin per pair was selected at random. As there was strong correlation between the two eyes, we used the mean measurements of the two eyes for all eye phenotypes. All analyses were carried using STATA14 statistical package (www.stata.com).
Modelling of Heritability. Heritability analyses were performed on 730 twin pairs (438 monozygotic and 292 dizygotic) as data was missing on 178 co-twins. Zygosity was determined by a standardised questionnaire and confirmed using genome-wide single nucleotide polymorphism genotyping data or DNA short tandem repeat fingerprinting.
Univariate and bivariate Cholesky decomposition heritability models of RNFL thickness and the associated cognitive phenotypes were calculated using maximum likelihood structural equation twin modelling implemented in the OpenMx package (http://openmx.psyc.virginia.edu). The univariate method separates phenotypic variation in additive (A) genetic factors and common/shared (C) or unique environmental (E) latent factors, while bivariate model defines the amount of shared genetic variation that explains a given amount of shared phenotypic variance between two or more traits. In cases where the intraclass correlation coefficient for MZ twins was more than twice that of the DZ twins, ADE models were also computed (D stands for Dominant factors). The goodness of fit of the full and reduced ACE/ADE models were compared with the observed data and the best fitting model was selected. Two different bivariate models were explored. In Model 1 RNFL thickness was adjusted for age prior to the analysis, while in Model 2 RNFL was also adjusted for SphE and disc area in addition to age. In both models the cognitive traits were adjusted for age only.
